Abstract -The Raman and photoluminescence (PL) spectra of nanocrystalline zinc oxide produced by mechanochemical synthesis were measured using a pulsed nitrogen laser (337.1 nm) and xenon lamp (360 nm) as excitation sources in PL measurements and a cw Nd:YAG laser in Raman measurements. PL was observed in the range 400-800 nm. The Raman spectrum of nanocrystalline (90 nm) ZnO was compared to that of coarsegrained ZnO. The Raman bands of nanocrystalline zinc oxide were found to be shifted to lower frequencies and broadened. Laser radiation was shown to cause local heating of zinc oxide up to 1000 K, resulting in photoinduced formation of zinc nanoclusters. Mixtures of zinc oxide and sodium chloride powders are heated to substantially lower temperatures. Under nitrogen laser excitation, the green PL band (535 nm), characteristic of bulk ZnO, is shifted to longer wavelengths by 85 nm. The results are interpreted in terms of light confinement in zinc oxide microclusters consisting of large number of nanocrystallites. The photoinduced processes in question may be a viable approach to producing metal-insulator structures in globular photonic crystals, opals, filled with zinc oxide.
INTRODUCTION
Zinc oxide is a wide-gap semiconductor ( E g = 3.37 eV at 300 K). It crystallizes in the wurtzite structure and has a number of attractive physical properties: bright photoluminescence (PL) in the visible through near-UV spectral region, strong Raman scattering, highly anisotropic crystal structure, and high reflectivity (when ground into fine powder). Fine-particle zinc oxide is used in metallurgy; space applications; acousto-, micro-, and optoelectronics; photocopying; and in the production of phosphors, photocells, gas sensors, composites, polymer materials, glasses, pigments, and paints [1] . In connection with this, optical studies of fine-particle zinc oxide are of great practical importance.
In recent years, zinc oxide has attracted a great deal of attention as a candidate material for optoelectronic devices operating in the blue through UV spectral region. The UV luminescence of ZnO is believed to be due to exciton recombination processes [1] . The mechanism of its visible luminescence is not yet fully understood.
Nanocrystalline zinc oxide samples consisting of clustered nanoparticles are of special interest. In particular, the band gap of ZnO nanopowders was found to depend on their particle size: at 300 K, the band gap of 90-nm zinc oxide particles, E g = 3.20 ± 0.01 eV, is 0.2 eV narrower than that of bulk crystals. The temperature coefficient of the band gap in ZnO nanopowders is 7.5 × 10 -4 eV/K, which also differs significantly from that in bulk crystals: 9.5 × 10 -4 eV/K [2] . Laser excitation of fine-particle zinc oxide was reported to give rise to light confinement effects due to the generation of whispering gallery modes [3, 4] . Cao et al. [3, 4] proposed the concept of creating a room-temperature UV microlaser based on fine-particle zinc oxide.
The objective of this work was to study the Raman and PL spectra of nanocrystalline zinc oxide and heterogeneous systems consisting of zinc oxide microclusters in sodium chloride and to investigate photoinduced processes in zinc-oxide-based heterogeneous samples.
EXPERIMENTAL
Crystal growth of zinc oxide was described in detail in [1] . Arguello et al. [5] developed a technique for the preparation of nanocrystalline zinc oxide ranging in particle size from 20 to 100 nm. To this end, a mixture of appropriate starting materials is ball-milled, which gives rise to a mechanically activated chemical reaction. As a result, after removing by-products one obtains nanopowder. This process is relatively inexpensive and allows one to produce narrowly sized, unagglomerated powders in large quantities.
We studied two samples of ultrafine ZnO powders: pure zinc oxide powder and a 1 : 10 mixture of ZnO and NaCl powders. The average particle size was 90 nm. (Both samples were provided by Advanced Nanotechnology Co.(ANT).) The former sample consisted of powder purified (washed) to remove NaCl. The latter sample was analyzed just after synthesis. For comparison, we also studied a bulk zinc oxide single crystal prepared by vapor phase growth. The nanopowder was pressed at 500-600 MPa into pellets 3 mm in diameter and 2 mm in thickness. All measurements were made on freshly prepared samples. In Raman measurements, excitation was provided by a 200-mW 532-nm LTN-402A cw Nd:YAG laser beam. The spectra were recorded in a backscattering geometry, using a DFS-52 automatic system built around a double grating monochromator. The spectral slit width was 3 cm -1 . PL was excited by a DKsSh-150 xenon lamp (360-nm line) and by 7.5-ns pulses of an ILA-800.01 nitrogen laser (lasing wavelength of 337.1 nm, pulse repetition rate of 10 Hz, peak power of 500 kW). Secondary emission spectra were recorded in a backscattering geometry, using an SDL-2M automatic system. Figure 1 displays the Raman spectra of the ultrafine ZnO:NaCl powder (sample 1), purified powder (sample 2), and a bulk ZnO crystal. The Raman spectrum of the ZnO crystal shows six peaks corresponding to optical phonons at the center of the Brillouin zone, at 99, 380, 405, 430, 574, and 592 cm -1 , and several twophonon bands [5, 6] . The Raman frequencies of the crystal agree well with data in the literature.
RESULTS AND DISCUSSION
The Raman signal of the nanopowders is much weaker compared to the single crystal, and the spectrum shows a strong low-frequency background. The weakest Raman lines proved difficult to discern. In the Raman spectrum of sample 2, the lines were shifted by several cm -1 . In the spectrum of sample 1, the shift was insignificant. The shift of the Raman lines in the spectrum of sample 2 is attributable to local heating of the sample under laser excitation. The 582-cm -1 line was broadened (from 16 to 30 cm -1 ) in the spectra of both powders, while the 433-cm -1 line was broadened (from 7 to 10 cm -1 ) only in the spectrum of sample 2. In studies of zinc oxide powders with an average particle size of 14 and 1.8 µ m, Nikitenko et al. [6] observed broadening of all Raman bands.
The fact that the Raman spectra of the nanopowders are similar to the spectrum of a bulk ZnO crystal points to a high degree of crystallinity of the nanoparticles.
Under excitation by a xenon lamp, the yelloworange Raman band, characteristic of defect-rich ZnO crystals, is missing, which also attests to a rather high structural perfection of the nanocrystallites.
The broadening of the Raman lines in the case of the fine powder may be due to local heating of the sample under cw laser excitation and an inhomogeneous distribution of the incident intensity over the sample surface, i.e., inhomogeneous heating. Another possible reason is phonon confinement: localization of optical and acoustic phonons in a small region. As a result of this effect, phonons in some region of the Brillouin zone, not only those in the center, are Raman-active. A similar effect was observed earlier for diamond nanoparticles [7] . To ascertain whether the samples were indeed heated by the laser beam, we recorded the Raman spectra in the Stokes and anti-Stokes regions and analyzed them using the relation where ν 0 is the excitation wavelength ( ν 0 = 18789 cm -1 , which corresponds to λ = 532 nm), ν is the Raman satellite frequency, and I AS / I S is the anti-Stokes/Stokes intensity ratio for the satellite. Our estimates showed that the temperature attained 380 ± 15 K in the bulk crystal, 440 ± 30 K in the ZnO:NaCl nanopowder, and 950 ± 140 K in the ZnO nanopowder. The ambient temperature was 295 K.
The severe heating of the ZnO nanopowder (sample 2) also accounts for the considerable shift of all the Raman lines to lower frequencies. Note that the dissimilarity between the Raman spectra of the powders and bulk crystal may also be due to local vibrational modes [8, 9] . Figure 2 shows the PL spectra of the bulk sample. The spectra contain a green band peaked at 520 nm, characteristic of ZnO. Its full width at half maximum (FWHM) is 120 nm. This emission in bulk ZnO is commonly believed to arise from impurities (Cu 2+ and others) [1] . For ultrafine ZnO, Van Dijken et al. [10] proposed another emission mechanism: a photogenerated hole is first trapped at a surface center (probably O 2-/O -) and then tunnels from the trap to the bulk of ZnO, where it recombines with an electron trapped at an oxygen vacancy (deep level), which creates a recombination center in the visible range. Laser excitation increases the FWHM of this band by a factor of 1.5, without changing its position to within the measurement accuracy. The PL spectra of the nanopowders differ markedly from that of the bulk crystal (Figs. 3, 4) . UV excitation (xenon lamp) of ZnO nanoparticle gives rise to a green band centered around 535 nm. Its FWHM is 140 nm for the ZnO nanopowder and 160 nm for the ZnO:NaCl powder. In addition, the spectrum of the ZnO nanopowder (Fig. 4) shows a feature in the green spectral region.
The significant effect of the excitation procedure on the luminescence spectra of the ZnO nanopowders may be due to sample heating. The heating under nitrogen laser excitation can be evaluated in terms of energy. We assume that a surface layer whose thickness does not exceed the incident wavelength fully absorbs a laser pulse. In the spectral range in question, the powder sample is opaque. According to estimates, the sample temperature then attains 1000-2000 K, which must have a significant effect on luminescence. This, in turn, may be responsible for the lower luminance of the ZnO nanopowder under nitrogen laser excitation in comparison with the ZnO:NaCl nanopowder. It is of interest to note that the sample temperature estimated from the shift of the green luminescence band, using the above data on the temperature dependence of the band gap, falls in the same temperature range.
The surface damage induced by laser irradiation was visible to the naked eye (surface microblackening). Under a microscope, we observed inclusions with metallic luster. Given that zinc oxide sublimes incongruently at 1800 ° C (according to ANT data, the nanopowders sublime at 1975 ° C), these inclusions seem to be zinc clusters. The ZnO:NaCl nanopowder did not contain such inclusions. This was due to the hindered growth of the metallic phase because the nanoclusters were surrounded by an NaCl layer, and the laser irradiation time was not long enough for the zinc particles to grow to a visually observable size. Note that excitation with the DKsSh-150 following laser irradiation restored the original PL spectrum (Figs. 3a, 4a) .
As seen in Figs. 3 and 4 , in going from xenon-lamp to laser excitation the increase in PL intensity in the ZnO:NaCl sample is about a factor of 4 larger than that in the ZnO nanopowder, even though the ZnO concentration in sample 1 is 10 times lower.
It seems likely that light confinement processes in inhomogeneous media [4] play a significant role in the observed photoinduced changes in PL intensity. These processes depend on a large number of factors: sample composition, interface condition, particle size, optical constants of the components, inhomogeneity of the medium, and others. The introduction of an appropriate additive (NaCl) ensures a large increase in PL intensity. Intensity, arb. units
Note that a similar effect was observed for ZnO nanopowder in the UV (exciton region).
CONCLUSIONS
The Raman and PL spectra of nanocrystalline zinc oxide differ significantly from those of bulk crystals. In particular, the Raman bands of ZnO nanopowder are shifted to lower frequencies and broadened, and the spectrum shows an extra feature.
The observed effects can be interpreted in terms of photoinduced processes in heterogeneous systems based on zinc oxide. In particular, the present results indicate that laser radiation gives rise to local heating of nanoparticles up to 1000 K, resulting in oxygen release and the formation of metallic zinc particles. Note that such photoinduced processes open up the possibility of creating novel types of heterostructures, incorporating insulator and metal nanoparticles. This approach is of special interest in the case of zinc oxide introduced into globular photonic crystals, opals, which have been the subject of intense recent attention.
In the heterogeneous system ZnO:NaCl, the nanopowder is heated to far lower temperatures, and the PL efficiency is higher, presumably, owing to light confinement in microclusters of nanoparticles.
